Sustained attention is essential in important behaviors in daily life. Many neuropsychiatric disorders are characterized by a compromised ability to sustain attention, making this cognitive domain an important therapeutic target. In this study, we tested a novel method of improving sustained attention. Monkeys were engaged in a continuous performance task (CPT) while the nucleus basalis of Meynert (NB), the main source of cholinergic innervation of the neocortex, was stimulated. Intermittent NB stimulation improved the animals' performance by increasing the hit rate and decreasing the false alarm rate. Administration of the cholinesterase inhibitor donepezil or the muscarinic antagonist scopolamine alone impaired performance, whereas the nicotinic antagonist mecamylamine alone improved performance. Applying NB stimulation while mecamylamine or donepezil were administered impaired CPT performance. Methylphenidate, a monoaminergic psychostimulant, was applied in conjunction with intermittent stimulation as a negative control, as it does not directly modulate cholinergic output. Methylphenidate also improved performance, and it produced further improvement when combined with NB stimulation. The additive effect of the combination suggested NB stimulation altered behavior independently from methylphenidate effects. We conclude that basal forebrain projections contribute to sustained attention, and that intermittent NB stimulation is an effective way of improving performance.
Introduction
In daily life, a large amount of visual information meets our eyes at every moment, but only a fraction can be processed by our brains. Attention plays an important role in selecting visual information relevant to the task at hand. The allocation of attention is imperfect. Information may be ignored or processed slowly due to boredom, fatigue, or distraction (Grier et al., 2003; Pattyn et al., 2008) . Failures in information processing are particularly common after prolonged continuous periods of attention. The effortful maintenance of attention is called sustained attention or vigilance (Roberton and Garavan, 2004; Clayton et al., 2015) . Occasionally, failures in sustained attention can lead to calamities. For example, a driver's lack of focus on a traffic sign can lead to a serious collision. In addition, failures in sustained attention measured in the lab predict real world failures in attention and motor function (Manly et al., 1999) . Understanding the neural mechanisms of sustained attention can inform efforts to improve clinical populations with impaired attention, and those suffering from age-related declines in attention.
Many cerebral cortex regions are involved in sustained attention (Langner and Eickhoff, 2013) . Neural activity in the nucleus basalis of Meynert releases acetylcholine throughout the cerebral cortex (Gielow and Zaborszky, 2017; Mesulam et al., 1992; Selden et al., 1998) and is critical for many executive functions (Bartus, 2000; Goard and Dan, 2009; Pehrson et al., 2016; Richardson and DeLong, 1991; Sarter and Bruno, 1997; Terry and Buccafusco, 2003) . Acetylcholine has a broad role in attention that has been thoroughly studied (Freitas et al., 2015; Howe et al., 2017; McQuail and Burk, 2006; Pehrson et al., 2016; Rezvani et al., 2009 ). Lesions of cholinergic projections result in 30% drop in hit rate during a sustained attention task (Dalley et al., 2001; McGaughy et al., 2002 McGaughy et al., , 1996 . Although there are other projection neurons in the nucleus basalis, and activation of these neurons does impact cortical functioning (Lin et al., 2015) , our focus was on cholinergic neurons because of their intimate ties to growth factors (Knipper et al., 1994) and neural plasticity (Bakin and Weinberger, 1996; Juliano et al., 1991; Kilgard and Merzenich, 1998; Webster et al., 1991) which suggest a role in regulating the function of the cerebral cortex.
Deep brain stimulation exists as a means to alter selectively the activity of neurons in a spatially limited brain region. Its use in motor pathologies is thought to functionally decrease the efficacy of those areas by creating adaptation through a high sustained output (Vitek, 2002) . A common current use treats Parkinson's Disease (Wichmann and DeLong, 2006) . Today, deep brain stimulation is being tested to remediate essential tremor, dystonia, obsessive-compulsive disorder, and Alzheimer's disease (Kuhn et al., 2015; Laxton et al., 2010; Nowak et al., 2011; Wichmann and DeLong, 2006) . In a recent study, intermittent NB stimulation in adult monkeys improved working memory performance through a cholinergic-dependent mechanism Liu et al., 2017) . Intermittent stimulation, unlike continuous stimulation, increased the functional efficacy of the brain area in which stimulation occurred Liu et al., 2017) . Unlike cholinesterase inhibitors which also target cholinergic neurons outside the basal-cortical cholinergic pathways (Kaasinen et al., 2002; Okamura et al., 2008) , NB stimulation should modulate neocortical acetylcholine in addition to non-cholinergic ascending projections. Accordingly, we were motivated to test whether NB stimulation would improve sustained attention.
In the current project, we tested two rhesus monkeys using an adapted version of the Continuous Performance Task, or CPT (Riccio et al., 2001; Shalev et al., 2011) . We combined the CPT with intermittent NB stimulation to investigate the function of the basal forebrain in sustained attention. Modest doses of cholinergic antagonists, and a cholinesterase inhibitor, were used to probe the necessity of cholinergic receptor activation for stimulation to exert behavioral effects, and to assess the potential balance of the roles of cholinergic and non-cholinergic projection neurons in the stimulation region. As a negative control, methylphenidate, a drug that increases noradrenaline and dopamine levels, was used to boost sustained attention performance. Methylphenidate has known positive impacts on sustained attention that do not come from a direct modulation of acetylcholine levels, and we predicted its modulation of sustained attention would be independent of any effects of deep brain stimulation.
Materials and methods

Subjects
Two six year old male rhesus monkeys (Macaca mulatta) were subjects in the experiment. The two animals are labelled in this work by abbreviating their lab names to Chf and Dit. These monkeys had taken part in our previous working memory task . Chf and Dit were naive to the current task before the experiment. The animals weighed 8 -11 kg, and lived together in a room (~20 m 2 ) with a 12h light and 12h dark cycle. The animals were food-regulated during experimental days, and typically worked to satiety. Water was provided ad libitum throughout. The monkey weights were monitored every day, and they were supplied food matching experimental average caloric content on nonexperiment days i.e., weekends. On experimental days, each animal was placed in a primate chair, a Lexan-made cube, with its head extended out through a neck yoke. The chair floor was height adjusted for comfort. One arm was restrained at the elbow to prevent rotation in the chair. The other arm extended from the front of the chair to operate the touchscreen and engage in the task. All procedures on the animals were conducted in accordance with the Guide for the Care and Use of Animals, 8th Edition, and were approved by the IACUC at Augusta University.
Behavioral training
The animal in chair was placed in an acoustically insulated, electrically shielded metal chamber (Industrial Acoustics, North Aurora IL) and faced a touch screen attached to the wall. The distance from the eyes to the screen was 40 cm. A 36-cm diagonal visual touchscreen was adjusted to a comfortable height so that the subject could easily see it, and could see its hand when it touched the screen. The computer wiring was hidden from the animal's view and access.
The behavioral task was a modified sustained and selective attention task adapted from a previously developed monkey CPT task (Aston-Jones et al., 1994; Golub et al., 2005) . All the stimuli were created by custom-programmed software, which was adapted from the commercial software DTS-Gracewood (PBTLI Inc, http:// www.pbtli.com, Augusta, GA). After the task started, a white square (of 15 degrees of visual angle) was presented centered on the screen. The task began with an initiation sequence. The animal was trained to touch a white stimulus and upon doing that, the stimulus disappeared. Following a brief delay (1 s), a second white square was presented. Touching a white square five times interleaved with 1 s waiting periods ended the initiation sequence and started a CPT test session (Fig. 1) . After the initial five white stimuli, the animal was required to touch the screen whenever a white stimulus appeared and not to touch other color stimuli. Blue, red, yellow, green and white squares of the same size were pseudorandomly presented. White squares were infrequent target stimuli; the other color stimuli were frequent non-targets. The targets were 20% of the stimuli. Each two target stimuli were separated by at least three non-target stimuli, and any adjacent stimuli were different in color. The stimuli were presented sequentially with no blank screen time. The monkey was rewarded with food slurry for correctly selecting the white squares in the stream. If the monkey selected a non-target stimulus, the sequence was interrupted with a 2 s blank screen timeout. Thereafter, a new initiation sequence started with a white square. If the animal missed a target stimulus, no reward was given, and the stimulus sequence continued without Fig. 1 . The experimental paradigm. A white square was presented on the center of the screen at the beginning of the testing. Five successive taps on the white square started a CPT testing stimulus stream. Each stimulus duration was 600 ms. White squares in the stimulus stream were target stimuli. Any two adjacent target stimuli were separated by at least three non-target stimuli, and all colors were arranged pseudorandomly. If the animal touched the target, food slurry reward was delivered to its mouth. Omission errors did not affect the stimulus stream, but inappropriate taps on the screen, errors of commission or false alarms, led to a 2-3 s timeout, after which a new stream was started. One testing session lasted 10 min. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) delay. If ten successive targets were missed, the stream stopped, and the initiation sequence started. The periods spanning ten such misses, and also the initiation sequences, were not included in analysis. Each testing session lasted roughly 10 min, and multiple sessions occurred each day in series.
The formal study began after a demonstration of adequate proficiency by the animals. Initially, each stimulus stayed on the screen for 1500 ms. When the animals achieved a hit rate above 85%, the stimulus duration was shortened. Eventually, the animals could perform the task with a 600 ms stimulus duration with high precision. In preliminary stimulation experiments in one animal, we tested NB stimulation with stimulus presentation durations of 600 ms, 750 ms, and 1000 ms. The data showed clear effects of the deep brain stimulation, on both hit and false alarm rates, with 600 ms stimulus presentation (Fig. 2) . We used 600 ms in the main experiment, as longer durations presented a potential ceiling effect on hit rates.
Stimulation pulses and electrode
In the current study, we used only one set of stimulation parameters. They consisted of a biphasic pulse train, and each pulse had an initial negative phase of 200 mA, followed by a positive phase of 200 mA, and lasting for 100 ms per phase. The pulses were delivered at a rate of 60 Hz and applied for 20 s stimulation periods interleaved with 40 s stimulation-free periods. The stimulation cycle was set from the beginning of the test session to the end, and no attempt was made to synchronize the animal's behavior to the onset or offset of the stimulation. We tested the impedances of each electrode each day to enable voltage controlled stimulation to deliver 200 mA and to verify electrode integrity. We found daily impedance checks indispensable to the research plan. The stimulation pulses were created by a multi-functional I/O device (USB-6211, National Instruments, Austin, TX), which was connected to a computer and controlled by a custom-programmed software (programmed by the authors in C#). The intermittent stimulation was the same as that used in a recent study , which documented that intermittent stimulation improved the animals' working memory performance through cholinergic dependent mechanisms.
The stimulation electrodes were custom-made in the laboratory based on published specifications Turner, 2009, 2015) . A Teflon-insulated wire (50 mm Pt/Ir, A-M systems, Seattle, WA) was embedded within a hypodermic tube (30 ga. A-M systems, Seattle, WA). A polyimide sheath (28 ga. A-M systems, Seattle, WA) encased and insulated the hypodermic tube. The wire extended out of the hypodermic tube by 1e2 mm as the tip of the electrode. The insulation was stripped for a distance of 0.5e1 mm to achieve an impedance of 5-10 kOhm at 1 kHz. After adjusting impedance, all the components were fixed with insulated adhesive. The wire extended 5 cm from the rear end of the hypodermic, and was soldered to a connector fixed on a small chamber encasing the electrode.
Implantation surgery
After 12 h food deprivation, the animal was sedated with an I.M. injection of ketamine (15 mg/kg, Sigma/Aldrich). The animal was then moved to a sterile surgery room. The heart rate, respiratory rate, and body temperature were monitored, and anesthesia was maintained with oxygen and isoflurane mixture air (1-2%) through an endotracheal tube during the procedure. After surgery, the animals were treated with buprenorphine (0.01 mg/kg B.I.D.) for 48 hrs.
Pilot determination of optimal electrode position in stereotactic coordinates is described in our prior work . Electrodes were positioned at interaural AP 16 mm, ML 8 mm, and 29 mm vertically lower than the top of the dura. The target location of the stimulation electrode tip was the anterior portion of the NB, which densely contains cholinergic neurons and supplies acetylcholine to the cerebral cortex (Mesulam et al., 1983) . The effective area of the stimulation is estimated to be a 4 mm diameter sphere centered at the electrode tip (Vitek, 2002) . In addition to the NB, the stimulation sphere may have extended to portions of the anterior amygdala (including the central nucleus), the anterior commissure and the inferior internal globus pallidus. Although the NB extends more than 10 mm rostra-caudally in the rhesus monkey, our electrode was positioned in the anterior third of the nucleus near the site of the projection of the central nucleus of the amygdala to the NB.
Pharmacological administration
Donepezil, mecamylamine, scopolamine and methylphenidate (Sigma-Aldrich, St. Louis, MO) were used. The drugs were dissolved in sterile saline (vehicle). The doses of the drugs were 200 mg/kg for donepezil, 300 mg/kg for mecamylamine, 6.2 mg/kg for scopolamine, and 200 mg/kg for methylphenidate, and were selected based on previous publications (Bain et al., 2003; Liu et al., 2017) . Because performance declines over time while performing the CPT task (Rosenberg et al., 2013 ), drug effects were tested on different days. Residual drug effects may be retained on the second day after drug testing, therefore non-drug behavior was tested on the first days of a week, and drugs were tested on following days. Accordingly, drug-free behavior was tested at least 72 h after the previous administration of a drug. Tests for each condition were applied for a minimum of two weeks. Injections were given 15 min preceding behavior (Bain et al., 2003) . On control days, water was injected as placebo. For mecamylamine, scopolamine, and donepezil the impacts of the drug doses vs. control were tested for two weeks, and then in a different two weeks the impacts of the drug vs. the drug þ stimulation were assessed. The methylphenidate experiments were conducted together over a four week period.
Data acquisition and analysis
Data were collected by customized DTS-Gracewood software. The computer recorded the stimulus parameters: color, onset time, offset time, session start time and session end time, and the behavioral events (touches to the screen). Data were saved for offline analysis. Further data analyses and statistics were performed in MATLAB (MathWorks, Natick, MA).
Signal detection metric
We calculated d' values based on signal detection theory (Green and Swets, 1966) to describe the signal discriminability as inferred from the difference between hit and false alarm rates. The following equation was used:
Where 'norminv' is a function provided by MATLAB to calculate the inverse of the normal distribution (Mathworks, Natick, MA). Accordingly, d' is the z-score difference between the hit and false alarm rates.
Results
Two task-naive monkeys were trained in a sustained attention task (CPT). The task had an initiating and a testing sequence. The initiating sequence displayed a white square on the touchscreen, and the square extinguished on touch. Five squares were touched at 1 s intervals to complete the initiation sequence. Thereafter in the testing sequence, each 600 ms a new square appeared on the screen. Monkeys were rewarded for touching white squares, and touching any other color square interrupted the stream of stimuli and requiring completion of the initiation sequence after a brief timeout.
During the task, hits, misses (errors of omission) and false alarms (errors of commission) were recorded. After animals consistently achieved a 60% hit rate, they were entered in study. During data collection, the two animals' average hit rates were 70% and 74%, average false alarm rates were 0.58% and 2.48% for subjects Chf and Dit, respectively.
Stimulation effect on animals' performance
We have reported that 1200 NB pulses delivered in 20 s followed by 40 s free of stimulation was optimal among 1 min period stimulation patterns . Here, we used the same stimulation parameters to investigate sustained attention. The CPT period of 600 ms was chosen to minimize ceiling effects on performance.
Hit rates were increased by NB intermittent stimulation ( Fig. 2A) . Rates of the monkey Chf improved from 67.4% to 69.0%, and those of Dit improved from 77.8% to 82.6%. The changes in hit rates were significant (binomial statistic, p ¼ 0.007, N ¼ 5758 trials for animal Chf, and p < 0.001, N ¼ 5893, for animal Dit). False alarm rates were also decreased by stimulation. As shown in Fig. 2B , the false alarm rate of Chf and Dit changed from 0.75% to 0.28% and 3.8%e2.3%, respectively. The binomial tests showed these decreases in the false alarm rates were significant (p < 0.001, N ¼ 5758 for animal Chf, and p < 0.001, N ¼ 5893, for animal Dit). In this behavior, the signal discriminability can be described by d', which is the z-score difference between the hit and false alarm rates (Green and Swets, 1966) . The discriminability of the white squares in the stream was increased by intermittent stimulation. In Chf, d' increased from 2.88 to 3.27, and in Dit, it increased from 2.64 to 2.93. Thus, the d' changes in the two animals were 0.39 and 0.29 for Chf and Dit respectively.
False alarm responses were analyzed for their position in the stimulus stream. The positions of non-target stimuli were numbered based on the number of stimuli preceding them but after the most recent target. For example, when a distractor stimulus was presented following a target, the number assigned that stimulus was '1' (the first distractor after a target). A subsequent distractor would be assigned a '2 0 , and so on. The rates of errors at these positions were plotted in Fig. 2C (animal Chf) and Fig. 2D (animal Dit). Most false alarm errors occurred on the first non-target stimulus immediately following a target stimulus, which were possibly erroneously slow responses to the target.
Effect of donepezil on behavioral performance
We hypothesized that NB stimulation increased cortical acetylcholine levels to improve sustained attention. To clarify the role of acetylcholine in sustained attention, we tested the animals with and without donepezil administration. Donepezil is a cholinesterase inhibitor which should prolong and amplify the effects of acetylcholine. We first used a donepezil dose of 200 mg/kg to maximize effects based on its impact on working memory performance . Unexpectedly, hit rates were decreased by donepezil application ( Subsequently, we tested the animals with the lower dose 100 mg/kg, and the data showed a similar but weaker result with a significant impairment in the hit rate (Fig. 3C , binomial statistic: Performance under donepezil (100 mg/kg) was tested with and without stimulation (Fig. 4) . Stimulation impaired animals' hit rates significantly (binomial statistic, p < 0.001, N ¼ 2233 for animal Chf; p ¼ 0.039, N ¼ 1721 for animal Dit) and increased the animal's false alarm rates (Fig. 4B, 
Effects of cholinergic antagonists
Acetylcholine affects neurons through ion channel nicotinic acetylcholine receptors (nAChR) and G-protein coupled muscarinic acetylcholine receptors (mAChR). To clarify the role of these receptors in sustained attention, we tested the animals' performance with and without antagonists for these two receptor classes (Fig. 5A ). Mecamylamine, a nAChR antagonist, improved hit rates (Fig. 5A , binomial test: p < 0.001, N ¼ 5730 for Chf; p > 0.001, N ¼ 2913, for Dit) and depressed false alarm rates in both animals ( (Fig. 5A) . The mAChR antagonist scopolamine, in contrast, reduced hit rates (Fig. 5C , binomial test: p < 0.001, N ¼ 3720, for Chf and p < 0.001, N ¼ 5594, for Dit) and increased false alarm rates in both animals (Fig. 5D , binomial test: p < 0.001, N ¼ 3720, for Chf and p < 0.001, N ¼ 5594, for Dit). The values of d' decreased by 0.49 and 1.04 for Chf and Dit, respectively (Fig. 5C) .
Performance was compared in the presence of these cholinergic antagonists with and without concurrent intermittent stimulation, as shown in Fig. 6A 
Performance changes caused by intermittent stimulation and methylphenidate
The effects of methylphenidate, with and without intermittent stimulation, were tested next. Methylphenidate is a non- cholinergic agent that positively influences sustained attention (Losier et al., 1996) . As shown in Fig. 7 , the four experimental conditions were control, stimulation, methylphenidate, and stimulation þ methylphenidate, and these conditions were interleaved day by day. Significance was assessed by a 2-way ANOVA using the condition and animal as factors, and also by a binomial statistic with an exact P value reported in lieu of a posthoc test. In both animals, the hit rates were significantly elevated by NB stimulation or by methylphenidate, and the effects were greater when stimulation and methylphenidate were both applied to the animals (see Table 1 ). A 2-way ANOVA showed the significant effect of condition (F (3,3) ¼ 3.39, p ¼ 0.02 for main effect of conditions, F(1,3) ¼ 0.92, p ¼ 0.34 for main effect of animals) (Fig. 7A ). False alarm rates were reduced from control levels significantly in the other three conditions (Table 2) . A 2-way ANOVA showed a significant effect in false alarm rates (F(3,3) ¼ 5.43, p ¼ 0.002 for main effect of conditions, F(1,3) ¼ 17.09, p < 0.001 for main effect of animals) (Fig. 7B ). The results demonstrate additive effects of methylphenidate and NB stimulation and suggest they operate through independent mechanisms.
Discussion
In the present study, we tested the hypothesis that the basal forebrain projection to the cerebral cortex contributes to sustained attention performance, and the pharmacological basis of its effects. The experimental paradigm is a CPT in which a visual stimulus stream is presented over an extended time period. The animals were trained to select infrequent targets in a stream with frequent distractors. We found that NB intermittent electrical stimulation improved the animals' sustained attention by increasing hit rates and decreasing false alarm rates. Donepezil, a cholinesterase inhibitor, decreased hit rates and increased false alarm rates. Scopolamine, an mAChR antagonist, impaired sustained attention performance while mecamylamine, a nAChR antagonist, improved it. The addition of stimulation during administration of mecamylamine or donepezil impaired performance, while results from combining scopolamine with stimulation were mixed. Methylphenidate was used as a negative control that modulates sustained attention. It boosted animals' sustained attention performance, and the effect was independent of the effects of NB stimulation.
Our primary pharmacological hypothesis was that cholinergic pathways mediated the behavioral improvements. Acetylcholine facilitates attention and signal detection in the brain (Guillem et al., 2011; Parikh et al., 2007; Sarter et al., 2009 ). Either cholinesterase inhibitors or modest cholinergic blocks prevented clear positive impacts of stimulation, and in some cases led stimulation to impair behavior. Overall, positive effects of stimulation were not achieved with any pharmacological interference with the brain's cholinergic systems, which supports the positive effects being cholinergically dependent.
Our work also bears on hypotheses that non-cholinergic neurons in the basal forebrain contribute to cognition. The primate nucleus basalis contains non-cholinergic projection neurons (Walker et al., 1989) . In mice, activation of parvalbumin sensitive GABAergic projection neurons from the analogous nucleus results in increases in cortical gamma band activity (Kim et al., 2015) . In our experiments with concurrent cholinergic pharmacological modulation (i.e. inhibition of nAChR or mAChR receptors or cholinesterase inhibition), the stimulation of these non-cholinergic projections may have an increased impact on behavior relative to stimulation during the unmodulated state. The impairment caused by adding intermittent stimulation to donepezil could have been caused by activation of these non-cholinergic cells. Such results must be interpreted with caution, as the normal role of the noncholinergic projection neurons is unlikely to occur independently from the cholinergic projections. Alternatively, cholinergic modulation in this task may follow a U-shaped dose response curve, in which optimal levels facilitated performance, but higher levels, as would be the case where NB stimulation is combined with donepezil, increased ACh levels even further, and led to impaired performance.
Our method of stimulating the basal forebrain with electrical pulses applied on a microsecond scale with intermittent periods of stimulation might be expected to enhance the release of acetylcholine, and improve attention tonically (Descarries et al., 1997; Ren et al., 2011; Sarter et al., 2009; Zoli et al., 1999) . Our stimulation was not synchronized with the behavior, which implies cognitive function was altered up to tens of seconds after stimulation. Electrophysiological evidence of such prolonged effects of cholinergic activation exist (Dannenberg et al., 2015; Pabst et al., 2016) . The contrasting of rapid electrophysiological effects on the timescale of up to seconds with tonic effects lasting much longer plays into the existing debate on wiring vs. volume transmission of acetylcholine (Sarter et al., 2009) . The volume transmission hypothesis suggests extrasynaptic acetylcholine receptors are activated by synaptic spillover, which has a time constant of at least seconds, while the wiring transmission mechanism operates using the synaptic cleft and has a faster time course. Of course, as second messenger activation can also have a reasonably slow time course, in vivo behavioral considerations of time course alone do not strongly argue the hypothesis.
In the present study, we only applied intermittent stimulation, which limits insight into comparative actions of continuous and intermittent stimulation from the current data. In our prior study of working memory , continuous stimulation impaired performance, and this impairment was reversed by donepezil. Those data suggested that continuous stimulation impaired acetylcholine release. As a result of that study, continuous stimulation parameters were not explored in the present study.
An important caveat in the interpretation of these results is that cholinergic drugs were administered systemically and exerted their effects throughout the intermittent NB stimulation procedure i.e. when the cholinergic neurons were on and off. Therefore cholinergic agents could be influencing cortical activity by altering baseline cholinergic transmission when the NB cholinergic neurons remained unstimulated. The effects of intermittent stimulating during cholinergic antagonism might have remained limited for this reason. Methylphenidate was used as a negative control. This central neural system stimulant increases dopamine and norepinephrine concentrations within synapses by blocking the reuptake transporters (Wagner et al., 2009; Whyte et al., 2004 ) to achieve the goal of executive function disorder treatment (Losier et al., 1996) . Because it does not directly modulate acetylcholine release, its known effects on sustained attention may not interact with the effects of deep brain stimulation. Methylphenidate improved sustained attention similarly to deep brain stimulation. Deep brain stimulation improved performance with or without methylphenidate with comparable effect sizes consistent with independent mechanisms of effect.
Prior work has interpreted the positive modulation of working memory by donepezil as caused by cortical acetylcholine . In sustained attention work, nicotinic modulation often finds positive impacts (Rezvani and Levin, 2001 ) while muscarinic boosts tend to impair performance (Bushnell et al., 1997; Levin et al., 2011) . Our work is complementary to this body of work, and we suggest the balance of effects, impairment, during donepezil administration was caused by muscarinic activation. The impairment caused by adding stimulation to donepezil may be caused by activating noncholinergic neurons, as discussed above. It was notable that in the mecamylamine administration experiments, intermittent stimulation decreased behavioral performance. These findings stand in contrast with the effects observed in a recent study on working memory , using the same animal subjects. Working memory performance improved by donepezil at the same high dose, and adding stimulation to mecamylamine did not impair performance. The disparate effects of these drugs suggest specific actions of acetylcholine in the two cognitive domains.
As mentioned above, our data showed that the nAChR antagonist mecamylamine had a positive effect on sustained attention. This result is at odds with the traditional view that mecamylamine impairs cognitive functions (Gitelman and Prohovnik, 1992; Little et al., 1998; Newhouse et al., 1992; Pickworth et al., 1997; Stolerman et al., 1973) . Our result is not the only outlier; some recent papers have also reported similar positive effects of nAChRs antagonists, including mecamylamine, methyllycaconitine and dihydro-b-erythroidine, to executive functions (Terry et al., 1999; Levin and Caldwell, 2006; Hahn et al., 2011; Levin et al., 2013; Liu et al., 2017) . Higher doses support the traditional view that mecamylamine impairs behavior, while lower doses support the converse view. A study aimed to address this issue reported that lower doses of mecamylamine did not affect human subjects' performance significantly (Yuille et al., 2016) . The dose of the drug used is one of many possible causes to the contrasting results. Another view is that application of such a low dose of an antagonist may alter the system similarly to nAChR desensitization (Yuille et al., 2016) .
In summary, we supported our hypothesis that stimulation in nucleus basalis of Meynert improved sustained attentional performance most likely by altering neocortical cholinergic function.
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